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Abstract
Analysis of the VP1 capsid protein coding region of simian virus (SV) 2, SV16, SV18, SV42, SV44, SV45, and SV49 demonstrates that
they are clearly distinct from members of the Enterovirus genus and from members of other existing picornavirus genera. To further
characterize this group of viruses and to clarify their classification within the Picornaviridae, we have determined the complete genomic
sequence of SV2 (8126 nucleotides). The genome was typical of members of Picornaviridae, encoding a single open reading frame. The
putative polyprotein contained typical picornavirus protease cleavage sites, yielding mature proteins homologous to each of the known
picornavirus proteins. SV2 contained an amino-terminal extension of the reading frame, which was analogous to the leader protein of
members of the Aphthovirus, Cardiovirus, Erbovirus, Kobuvirus, and Teschovirus genera, but there was no significant amino acid homology
with any of these known leader proteins. The 2A protein also aligned poorly with the 2A proteins of other picornaviruses. The deduced
amino acid sequences of the SV2 structural and nonstructural proteins were related to but phylogenetically distinct from those of
enteroviruses and human rhinoviruses. The major distinguishing features of SV2 were the presence of a type 2 internal ribosome entry site
in the 5-NTR, a putative leader protein encoded upstream of the structural proteins, and an unusually large 2A protein. On the basis of the
molecular analysis, we propose that SV2, SV16, SV18, SV42, SV44, SV45, SV49, and porcine enterovirus 8 be classified as members of
a new genus in Picornaviridae and that SV2 (strain 2383) be designated as the type strain.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
The non-human primate picornaviruses were isolated in
the 1950s and 1960s from uninoculated primate cell cultures
or from clinical specimens derived from captive or wild-
caught primates (Kalter, 1982). They were recognized as
distinct entities because they did not cross-react antigeni-
cally with any of the then-known human enteroviruses
(Hoffert et al., 1958; Hull et al., 1956; McMillen et al.,
1968). Twenty serotypes were originally identified by anti-
genic methods, but early studies suggested that some of the
viruses were antigenically related to one another, usually by
minor or nonreciprocal cross-neutralizations (Heberling and
Cheever, 1965; Hull, 1968; Hull et al., 1958). Analysis of
VP1 capsid sequences, a molecular correlate of picornavirus
serotype (Callens and De Clercq, 1997; Oberste et al.,
1999a, 1999b; Suryanarayana et al., 1999), suggested that
the true number of simian picornavirus serotypes is proba-
bly 13 or 14 (Oberste et al., 2002). Furthermore, the VP1
analysis demonstrated that simian virus (SV) 2, SV16,
SV18, SV42, SV44, SV45, and SV49, all previously clas-
sified in the genus Enterovirus, are clearly distinct from
members of the Enterovirus genus and from members of
other existing picornavirus genera (Oberste et al., 2002). On
the basis of this limited genetic analysis, we have suggested
that these viruses represent a new genus in Picornaviridae.
Complete genomic sequencing has recently aided in the
establishment of four new or proposed picornavirus genera
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(King et al., 2000): Parechovirus (Hyypia¨ et al., 1992),
Kobuvirus (Yamashita et al., 1998), Erbovirus (Marvil et
al., 1999), and Teschovirus (Doherty et al., 1999; Zell et al.,
2001). Porcine enterovirus 8 (PEV8) was recently shown to
be genetically related to SV2, SV16, SV18, SV42, SV44,
SV45, and SV49 (Krumbholz et al., 2002). To confirm the
simian picornavirus VP1 data and provide more extensive
data for a full taxonomic proposal, we have sequenced the
complete genome of SV2, the first isolated simian picorna-
virus, as well as the 5-nontranslated region (NTR) and
partial 3D sequences for SV16, SV18, SV42, SV44, SV45,
and SV49. Sequence comparisons and phylogenetic recon-
struction confirmed that SV2 and related strains are related
to PEV8 and are distinct from members of all recognized
picornavirus genera. On the basis of the molecular analysis,
we propose that SV2, SV16, SV18, SV42, SV44, SV45,
SV49, and PEV8 should be classified as members of a new
genus in Picornaviridae and that SV2 (strain 2383) be
designated the type strain of the genus.
Results
General features of SV2
The buoyant density of SV2 virions is approximately
1.40 g/cm3 as determined by isopycnic CsCl density gradi-
ent centrifugation and the virus is stable in acid pH (Table
1). The genome of SV2 is similar in size and basic organi-
zation to the genomes of other picornaviruses. The G  C
content is 40.4%, distinguishing it from members of the
Enterovirus genus, whose G  C content ranges from 41 to
49% (Table 1). The genome of SV2 is 8126 nucleotides in
length, excluding the poly(A) tail, with a large open reading
frame beginning at the 16th AUG, at nucleotide 694 and
extending to nucleotide 8028. The putative initiator AUG
was identified at nucleotide 742 by its favorable Kozak
context (Kozak, 1987) and its position relative to a poly-
pyrimidine tract that is a consistent feature of picornavirus
5-NTRs (reviewed by Stewart and Semler, 1997). An in-
frame upstream AUG occurs on the 5-side of the polypyri-
midine tract, suggesting that it is not the authentic start site;
however, an additional in-frame AUG, at nucleotide 861,
could not be excluded as a potential start site.
Analysis of the nontranslated regions
The 5-NTR sequences of all of the SV2-group viruses
were aligned with one another and with those of other
representative picornaviruses. The SV2-group sequences
fall into two clusters; the SV18, SV44, and SV49 5-NTRs
are 98 to 99% identical to one another, but only 75 to 78%
identical to those of SV2, SV16, SV42, and SV45 (which
are 82 to 94% identical to one another). All of the simian
virus sequences are less than 45% identical to that of any
other picornavirus 5-NTR sequence, and none contains a
poly(C) tract (Table 1, Table 2, and data not shown). The
simian virus NTRs do not contain any sequences homolo-
gous to the sites targeted by many enterovirus diagnostic
PCR primers, consistent with previous experimental obser-
vations that these viruses are not amplified with these prim-
ers (Oberste et al., 2002). Maximum likelihood phyloge-
netic trees mirror the pairwise comparison data (Fig. 1) and
indicate that the SV2-group 5-NTR sequences are mono-
phyletic and distinct from those of all other picornaviruses.
For example, the branch leading from the central radiation
point to the SV2 group is approximately the same length as
those leading to AiV (genus Kobuvirus) or to equine rhinitis
B virus (genus Erbovirus) (Fig. 1A). The relatively low
bootstrap values are most likely due to the poor overall
primary sequence conservation among divergent picornavi-
ruses. While the HAV 5-NTR sequence tends to cluster
with those of PV1 and HRV1B, published structural studies
indicate that the conformation of the HAV 5-NTR is more
Table 1
Comparison of physical and physicochemical properties of SV2 group viruses and other picornaviruses
Genus (virus) Virion density
(g/cm3)
Acid-stable G  C (%) polyC IRES type L protein VP0
cleavage
VP4
myristylation
2A type
SV2 group (SV2) 1.40 Yes 40.4 No 2 Yes Yes Yesa Protease?
Aphtho (FMDV) 1.43–1.45 No 53.5 Yes 2 Yes Yes Yes NPGPb
Cardio (EMCV) 1.33–1.34 Yes/No 48.8 Yesc 2 Yes Yes Yes NPGPb
Entero (PV1) 1.30–1.34 Yes 46.3 No 1 No Yes Yes Protease
Erbo (ERBV) 1.41–1.45 No 48.8 No 2 Yes Yes Yesa NPGPb
Hepato (HAV) 1.32–1.34 Yes 37.9 No 2d No Yes No ?
Kobu (AiV) 1.33 Yes 58.9 No 2 Yes No Yesa ?
Parecho (HPeV1) 1.36 Yes 39.1 No 2 No No No ?
Rhino (HRV1B) 1.38–1.42 No 37.5 No 1 No Yes Yes Protease
Tescho (PTV1) 1.33 Yes 44.8 No 2 Yes Yes Yesa NPGPb
a Consensus myristylation site (GXXX[S/T]) present near amino terminus of VP4, but myristylation has not been experimentally confirmed.
b Cleavage occurs at the carboxyl-side of the glycine residue by a novel 2A-mediated mechanism.
c Not present in all strains.
d Distantly related to type 2 IRES.
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similar to those of cardioviruses and aphthoviruses (Brown
et al., 1991). The SV18, SV44, and SV49 5-NTRs are
monophyletic and form a separate cluster within the SV2
group (Fig. 1B).
A prediction of the secondary structure of the SV2 5-
NTR was produced using mfold (Zuker, 1989) (Fig. 2). A
consensus structure, composed of eight structural domains
(labeled A–H), was obtained by examination of conserved
structural elements in optimal and suboptimal folds and
refined by comparison with the predicted structures of the
SV16, SV42, and SV45 5-NTRs (Fig. 2A). The consensus
structure lacked the conserved 5-cloverleaf domain found
in picornaviruses having an internal ribosome entry site
(IRES) of type 1 (enteroviruses and rhinoviruses). A 16-
nucleotide polypyrimidine tract is separated from the pre-
dicted initiation codon by 18 nucleotides, forming the so-
called Yn-Xm-AUG motif, where Y is a pyrimidine and X is
any base. In picornaviruses with a type 2 IRES, the Xm
spacer element is typically 15–25 nucleotides in length and
the AUG in the motif is the authentic initiation codon,
whereas the initiating AUG is about 30–150 nucleotides
downstream in the type 1 IRES (reviewed in Stewart and
Semler, 1997) (Fig. 2B). These data are most consistent
with SV2 containing a type 2 IRES. The predicted SV18,
SV44, and SV49 structures differ somewhat from those of
SV2, SV16, SV42, and SV45, primarily in the predicted
structures of domains C and E and by an absence of stem–
loop D (Fig. 2C and D).
The 3-NTR was 98 nucleotides long and the predicted
3-NTR structure contained two stem–loops, like those of
the enteroviruses and rhinoviruses (data not shown), but the
primary sequence was less than 50% identical to that of any
other picornavirus (Table 2).
Fig. 1. Unrooted maximum likelihood phylogenetic trees based on 5-NTR
sequences of SV2-group viruses and other representative picornaviruses.
Numbers indicate the percentage of bootstrap support for the adjacent
distal cluster. (A) Radial phylogram showing all sequences. (B) Unrooted
rectangular phylogram showing the relationship among the simian viruses.
Table 2
Comparison of predicted SV2 proteins and noncoding regions with those of other picornaviruses (percent amino acid identity [or nucleotide identity
for NTRS])
Gene or
protein
Aphtho
(FMDV)
Cardio
(EMCV)
Entero
(PV1)
Erbo
(ERVB)
Hepato
(HAV)
Kobu
(AiV)
Parecho
(HPeV1)
Rhino
(HRV1B)
Tescho
(PTV1)
5 NTR 34.9 38.4 36.5 33.5a 42.7 39.0 38.9 34.7 44.0a
L NSb 11.1 — 22.2 — 22.7 — — 14.3
VP4 38.2 19.0 33.3 24.1 21.7 26.4c 23.1c 32.3 22.8
VP2 33.0 37.4 48.1 38.4 29.0 31.8c 23.8c 47.7 33.6
VP3 33.3 33.2 38.2 35.7 23.1 28.3 21.2 37.6 31.2
VP1 28.0 23.1 26.4 22.7 23.9 25.0 NS 28.2 25.6
2A NS NS 23.6 NS NS NS 25.4 22.6 NS
2B 20.6 23.3 30.4 26.1 21.8 33.3 19.3 34.8 23.3
2C 34.9 31.4 48.6 33.4 26.8 26.5 26.0 47.8 31.0
3A 31.6 25.4 29.9 19.8 25.0 17.5 25.3 18.2 19.3
3B 40.0 35.3 65.0 50.0 38.1 36.4 35.3 42.9 31.8
3C 26.8 22.0 42.9 25.4 30.5 23.5 24.9 44.0 22.7
3D 34.7 34.4 56.4 36.5 31.6 37.6 26.3 54.6 39.4
3 NTR 30.4 47.0 44.1 37.8 46.7 36.7 40.5 48.6 39.4
a Only partial sequence is available.
b NS, no significant alignment longer that 14 amino acids.
c Comparison with the uncleaved VP0.
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Coding region analysis
Assuming initiation at nucleotide 742, the predicted size
of the coding region product is 2429 amino acids. Align-
ment of the predicted SV2 polyprotein with those of other
picornaviruses suggests that SV2 contains a leader (L) pro-
tein at the amino-terminus of the open reading frame, as
found in members of the Aphthovirus, Cardiovirus, Erbo-
virus, Kobuvirus, and Teschovirus genera. The aphthovirus
and erbovirus L proteins are papain-like cysteine proteases
that catalyze their own cleavage from the amino terminus of
the nascent polyprotein (Ryan and Flint, 1997), but the
functions of the other L proteins have not been elucidated.
The FMDV L protein has also been shown to cleave the host
translation initiation factor, elF4G. There is little sequence
similarity among picornaviral L proteins and it was not
possible to achieve a significant alignment of the SV2 L
protein with those of other picornaviruses or with known
proteases, either by direct pairwise alignment (Table 2) or
by query of the GenPept database (release 125.0) using
BLAST (data not shown). The 88-amino-acid SV2 L pro-
tein contains several cysteines and histidines, residues
found in the active site of picornaviral L proteases, but the
lack of a good sequence alignment precluded assignment of
protease function to the SV2 L protein.
The putative L–VP4 junction was identified by location
of a consensus VP4 myristylation site, GXXX[S/T], at
amino acid 89 of the deduced polyprotein. Other cleavages
are predicted to occur at Gln-Gly pairs in all of the sites that
are typically processed by 3Cpro or 3CDpro (VP2-VP3, VP3-
VP1, 2A-2B, 2B-2C, 2C-3A, 3A-3B, 3B-3C, and 3C-3D)
and at a Thr-Gly pair between VP1 and 2A (mediated by
2Apro in enteroviruses and rhinoviruses, and by 3Cpro (or
3CDpro) in viruses of other genera). In all picornaviruses
except AiV and the parechoviruses, VP0 is cleaved to yield
mature VP4 and VP2 proteins. The SV2 VP0 cleavage was
predicted to occur between a Lys-Lys pair by alignment
with other capsid proteins. Virion proteins VP1, VP2, and
VP3 were identified by SDS–polyacrylamide gel electro-
phoresis and silver staining (Fig. 3A). The capsid protein
cleavage sites were determined by N-terminal peptide se-
quencing (Fig. 3B), confirming the identity of each of these
three mature virion proteins. VP4 was not visible on the gel,
but its existence was inferred by the identification of a
mature VP2 with the predicted amino terminal sequence,
thus demonstrating that the SV2 VP0 is cleaved into mature
VP4 and VP2 proteins.
Overall, the P1 amino acid sequence of SV2 is about 25
to 38% identical to those of other picornaviruses, with the
best match being to HRV1B. The deduced complete SV2
VP2 protein is about 48% identical to those of PV1 and
HRV1B (Table 4). The SV2 VP2 protein is shorter than
those of PV1 and HRV1B by 30 and 21 amino acids,
respectively, with most of the alignment gaps clustered in
the “puff” region (data not shown). However, the SV2 VP2
amino acid sequence is 83 to 85% identical to the published
partial VP2 sequences of PEV8 strains V13, J4, and J6. VP1
is the most divergent of the SV2 capsid proteins, being no
more than 28% identical to any other picornavirus VP1
sequence (Table 2). The deduced VP1 amino acid sequence
contains the motifs, PALTAAESG and MFSPPG, which are
Fig. 2. Predicted structure and features of the 5-NTR of SV2-group viruses. (A) Secondary structure of the SV2 5-NTR predicted using MFOLD (Zuker,
1989). The structure was refined based on conservation of aligned SV2-group 5-NTR sequences. Stem–loops are named A–H. Numbers indicate nucleotide
position. The polypyrimidine tract and predicted translation initiation site are indicated. (B) Comparison of the picornavirus Yn-Xm-AUG motifs. The authentic
or predicted AUG initiation codon is underlined. (C) Schematic representation of the 5-NTR structure of SV2, SV16, SV42, and SV45. Sequence and
structure annotation are as in A. (D) Schematic representation of the 5-NTR structure of SV18, SV44, and SV49. Sequence and structure annotation are as
in A.
Fig. 3. Analysis of the capsid proteins of SV2 by SDS–polyacrylamide gel
electrophoresis and N-terminal peptide sequencing. (A) Silver-stained 12%
SDS–polyacrylamide gel. M, molecular weight marker; lane 1, SV2; lane
2, poliovirus 2-Sabin; lane 3, SV2. (B) SV2 capsid protein maturation
cleavage sites, determined by N-terminal peptide sequencing of the indi-
vidual proteins shown in A.
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similar to the highly conserved PAL(QT)A(AV)ETG and
M(FIY)VPPG motifs present at the homologous positions
of enterovirus and rhinovirus VP1 sequences (Oberste et al.,
2000). A full analysis of the VP1 sequences of the SV2-
group viruses was presented previously (Oberste et al.,
2002).
The sequence identity of the SV2 P2 protein to those of
other picornaviruses ranges from 22 (HPeV1) to 39%
(PV1). The SV2 2A and 2B proteins, as well as the amino-
terminal half of the 2C protein, align poorly with the ho-
mologous regions of other picornaviruses. The alignment
improves significantly starting at the putative 2C nucleo-
tide-binding domain, GSPGTGKS (SV2 2C amino acids
133 to 140), and continuing to the end of the polyprotein,
except for a region of relatively low similarity in 3A (Table
Table 3
Primers used for amplification and sequencing of 5 NTR
and partial 3D sequences
Primer Sequence Gene Locationa
431 CTCACACTCATTTCCCCCC 5 NTR 1–19
422 CACAGCGTAGACCTAGGA 5 NTR 390–373
409 GGCAATTGTGGTAAGTGATGT 5 NTR 320–340
385 TCRTCITCRTAIATIGCCAT L 761–742
387 TRGWCTWGTGCTACCTGACAG 5 NTR 626–646
386 CCITARTARTTIATRTTNGT VP0 1097–1078
335 ACIWSIGCIGGITAYCCNTA 3D 6326–6345
336 ACITCRTCICCRTANGC 3D 6975–6959
a Nucleotide coordinates relative to the complete sequence of SV2.
Table 4
Comparison of P1, 2C, 3C, and 3D protein sequences among picornaviruses (percent amino acid identity)
Cardio
(EMCV)
Entero
(PV1)
Erbo
(ERVB)
Hepato
(HAV)
Kobu
(AiV)
Parecho
(HPeV1)
Rhino
(HRV1B)
Tescho
(PTV1)
SV2 PEV8
P1 FMDV 32 24 36 22 25 25 27 30 28 30
EMCV 32 38 23 30 22 30 32 29 31
PV1 30 23 26 31 50 32 37 36
ERBV 25 30 NSa 28 32 31 33
HAV 22 24 25 25 25 25
AiV 25 25 27 28 27
HPeV1 NSa 24 NSa 23
HRV1B 30 38 37
PTV1 31 29
SV2 62
2C FMDV 41 37 41 30 34 29 37 32 35 37
EMCV 35 43 29 32 34 32 32 31 31
PV1 32 28 28 33 50 33 49 42
ERBV 29 32 30 32 26 33 32
HAV 29 26 30 29 27 27
AiV 28 29 30 26 28
HPeV1 29 28 26 27
HRV1B 31 48 44
PTV1 31 30
SV2 52
3C FMDV 29 24 28 28 22 19 28 27 27 24
EMCV 31 23 29 24 19 22 34 22 28
PV1 22 22 28 23 44 25 43 47
ERBV 26 29 21 21 25 25 18
HAV 27 23 26 27 30 29
AiV 21 29 23 24 25
HPeV1 25 19 25 28
HRV1B 26 44 43
PTV1 23 29
SV2 60
3D FMDV 44 34 41 28 38 25 32 40 35 35
EMCV 32 46 29 37 25 33 39 34 36
PV1 34 32 37 28 57 37 56 55
ERBV 26 35 29 38 41 36 38
HAV 28 29 30 34 32 32
AiV 29 31 35 38 36
HPeV1 27 26 26 32
HRV1B 38 55 57
PTV1 39 39
SV2 67
a No significant alignment.
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2). A cysteine-rich region (CX2CX8CX4C), analogous to the
PV1 2C motif that was recently shown to bind zinc and to play
a role in RNA replication (Pfister et al., 2000), was identified
near the carboxyl terminus of SV2 2C (data not shown). The
deduced SV2 2A peptide sequence is 302 amino acids long,
the longest of any picornavirus 2A protein. Other 2A proteins
range from approximately 16 to 190 amino acids in length. The
SV2 2A is 22.6 to 25.4% identical to that of representatives of
the Rhinovirus, Enterovirus, and Parechovirus genera, but no
significant alignment was obtained with viruses of other genera
(Table 2). Despite the poor overall alignment, residues analo-
gous to those in the protease active site of picornavirus 2A
proteins (Ryan and Flint, 1997) and other trypsin-like proteases
were identified as H72, D121, and C201. The occurrence of C201
in the context of the protease-conserved GXCG motif further
suggests that the SV2 2A may function as a protease.
The predicted 3C protein contains a putative catalytic
triad of H40-E70-C146, similar to those identified in entero-
virus and rhinovirus 3Cpro (Ryan and Flint, 1997), and a
putative RNA-binding domain, KFRDI, at residues 81 to
85. Like that of the 2A protein, the putative catalytic cys-
teine of SV2 3C occurs in the context of the highly con-
served GXCG motif. The SV2 3D protein contains a pre-
dicted nucleotide-binding motif, AKVEAGKT, and
KDELR, GGMPSG, YGDD, and FLKR motifs that are
highly conserved among viral RNA-dependent RNA poly-
merases (Kamer and Argos, 1984).
Phylogenetic analysis
Phylogenetic relationships between SV2 and the other
representative picornaviruses were inferred independently
for the P1, P2, and P3 regions of the genome (Fig. 4). The
tree topologies are consistent with published picornavirus
phylogenies (King et al., 2000), with minor differences
occurring in areas of short branch lengths. In all regions,
SV2 and PEV8 were monophyletic and clustered with PV1
and HRV1B, but PV1 and HRV1B are more closely related
to each other than either is to SV2 or PEV8, with 59 to 96%
bootstrap support. The suboptimal bootstrap support for
SV2–PEV8 monophyly in P2 is largely due to the poor
alignment between the SV2 and PEV8 2A genes (data not
shown). In P1, the genetic distance between SV2 (or PEV8)
and members of the Enterovirus or Rhinovirus genera is
approximately the same as the distance between EMCV
(Cardiovirus genus) and ERBV (Erbovirus genus) or be-
tween ERBV and FMDV (Aphthovirus genus) (Fig. 4A).
Likewise, SV2 is as distinct in the P2 region as are ERBV
and FMDV or EMCV and PTV1 (Fig. 4B). In the P3 region,
SV2, PV1, and HRV1B are more closely related to one
another than are any other viruses of different genera (Fig.
4C). When trees are constructed by the maximum likeli-
hood-quartet puzzling method implemented in Tree-Puzzle
5.0 (Strimmer and von Haeseler, 1996) or by the distance-
based neighbor-joining method implemented in PHYLIP,
the tree topologies are similar to those of the DNAml trees;
SV2 and PEV8 remain monophyletic in all genome regions,
with 98 to 100% support (data not shown).
Partial or complete 3D sequences have been used to
deduce phylogenetic and taxonomic relationships between
picornaviruses. They have been particularly useful in plac-
ing viruses within species or genera or to compare among
viruses of different genera or different families (Kamer and
Fig. 4. Unrooted maximum likelihood phylogenetic trees based on coding region sequences of SV2 and other representative picornaviruses. Numbers indicate
the percentage of bootstrap support for the adjacent distal cluster. (A) P1 (capsid region). (B) P2 region. (C) P3 region.
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Argos, 1984; King et al., 2000). A BLAST search of the
GenPept database, using the complete deduced SV2 3D
protein as the query sequence, reveals that the best matches
are to the partial 3D sequence of PEV8, strain V13 (441
amino acids, 67% identity, E-score 1.8 1078), and PEV8
strains J4 and J6 (both 288 amino acids, 71% identity,
E-score 1.0 1053). The three PEV8 sequences have been
shown to be closely related to one another (Kaku et al.,
2001). The next most significant matches are to the poly-
merases of enteroviruses (53 to 62% identity) and rhinovi-
ruses (51 to 53% identity), followed by those of other
picornaviruses (29 to 41% identity). To further examine the
relationship between PEV8 and the SV2-group simian pi-
cornaviruses, partial 3D sequence was obtained for SV16,
SV18, SV42, SV44, SV45, and SV49 by RT-PCR amplifi-
cation and sequencing using primers designed to anneal to
highly conserved sites in 3D (Table 3). and Maximum
likelihood phylogenetic reconstruction of the aligned ho-
mologous partial 3D sequences of the three PEV8 strains,
the seven simian viruses, and representatives of the nine
recognized picornavirus genera demonstrates that PEV8,
SV2, SV16, SV18, SV42, SV44, SV45, and SV49 are
monophyletic with respect to all other picornaviruses (Fig.
5). Bootstrap support was relatively low (30%), due to
PEV8 shifting among the simian virus branch, the entero-
virus/rhinovirus branch, and a position proximal to both
branches. While the reasons for the instability of PEV8 in
the 3D tree are uncertain, the PEV8 sequences are clearly
much more closely related to the simian virus sequences
than to those of any other picornavirus. In trees constructed
without PEV8, the simian viruses remained monophyletic,
with 100% bootstrap support (data not shown).
Diagnostic RT-PCR primers
Because the SV2-group viruses could not be detected by
enterovirus-specific RT-PCR methods (Oberste et al., 2002;
Po¨yry et al., 1999), the aligned 5-NTR sequences were used to
design primers to develop an SV2-group-specific RT-PCR
assay. Two sense primers (468 and 470) were paired individ-
ually with antisense primer 469 and tested as described under
Materials and Methods. Both primer pairs, 468–469 and 470–
469, successfully amplify the expected product from all seven
simian virus RNA templates (data not shown). The specificity
of the amplification reaction was confirmed by sequencing.
The 468 and 469 annealing sites are also present in the 5-NTR
sequence of PEV8 (V13) and primer pair 468–469 amplified
the predicted specific product from a V13 RNA template, but
pair 470–469 failed to produce a virus-specific product (R.
Zell, personal communication).
Discussion
Picornavirus genera are defined largely by the physical
properties of the virions (buoyant density in CsCl gradients
and stability at acid pH) and certain properties of the viral
proteins (presence and activity of an L protein and the
presence, size, and myristylation of VP4 in the mature
capsid) (King et al., 2000; van Regenmortel et al., 2000).
According to the current classification criteria, SV2 could
have been classified as either an aphthovirus or a cardiovi-
rus, depending upon whether L is or is not a protease,
respectively. These criteria are clearly not sufficient to clas-
sify SV2 and related viruses. Additional criteria have also
been applied to account for the proposed new genera, Er-
bovirus, Kobuvirus, and Teschovirus. While the genetic
basis of complex phenotypes, such as buoyant density, may
not be clearly understood, all intrinsic properties of a virion
ultimately derive from the viral genome. Explicit molecular
criteria are already a part of the picornavirus species clas-
sification scheme (King et al., 2000) and they are increas-
ingly being used for enterovirus serotype identification
(Caro et al., 2001; Casas et al., 2001; Norder et al., 2001;
Oberste et al., 1999a, 1999b, 2001). Inclusion of analogous
criteria may help to clarify classification at the genus level.
For example, all members of the Enterovirus genus exhibit
at least 35% amino acid identity in VP1 (Oberste et al.,
1999b) and 43% identity in complete P1 capsid protein
Fig. 5. Unrooted maximum likelihood phylogenetic trees based on partial
3D sequences of PEV8 (strains V13, J4, and J6), SV2-group viruses, and
other representative picornaviruses. Numbers indicate the percentage of
bootstrap support for the adjacent distal cluster.
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sequence (MSO, unpublished data). Likewise, the identity
among all enterovirus 2C or 3CD proteins is greater than 57
and 60%, respectively (MSO, unpublished data), whereas
they are more distantly related to the homologous proteins
of other picornaviruses. The enteroviruses and rhinoviruses
are unusually similar to one another in amino acid sequence
throughout the polyprotein and it has been suggested that
they be more appropriately classified as a single genus
(Palmenberg, 1989). Members of other heterologous genera
are less than 40% identical to one another in P1 capsid
protein sequence, less than 44% in 2C, less than 35% in 3C,
and less than 47% in 3D (Table 4). Even though the SV2
2C, 3C, and 3D sequences are similar to those of the
enteroviruses and rhinoviruses (Table 4), comparisons in
other parts of the polyprotein suggest that SV2 is equally
related to several different genera (Table 2).
Picornavirus 2A proteins may be classified into three
types on the basis of their activities, as discerned by in vitro
expression and/or mutagenesis (Ryan and Flint, 1997), and
these differences have proven useful in picornavirus classi-
fication (King et al., 2000). In the enteroviruses and rhino-
viruses, 2A is a trypsin-like protease of about 150 amino
acids that cleaves cotranslationally in cis at its own amino
terminus, yielding P1 and P2-P3. The enterovirus and rhi-
novirus 2A protein also mediates the virus-induced shutoff
of host cell protein synthesis by cleaving translation initia-
tion factor eIF4G. In the aphthoviruses, cardioviruses, er-
boviruses, and teschoviruses, the 2A-mediated cleavage oc-
curs at the 2A-2B junction, within an NPGP motif, in the
absence of measurable 2A proteolytic activity (Ryan and
Flint, 1997). The FMDV 2A protein was recently shown to
mediate this “cleavage” through a novel, nonproteolytic
mechanism described as a “ribosomal skip” (Donnelly et al.,
2001). The Hepatovirus, Kobuvirus, and Parechovirus 2A
proteins have no protease activity, nor do they contain the
NPGP motif; their function and mechanism of action remain
unknown (Ryan and Flint, 1997). At 302 amino acids, the
SV2 2A protein is by far the largest among the picornavi-
ruses. It contains residues homologous to those found in
proteolytic picornaviral 2A proteins and lacks the NPGP
motif, strongly suggesting that the SV2 2A is enterovirus/
rhinovirus-like in function and mechanism.
SV2 was genetically distinct from all other picornavi-
ruses, except PEV8, in both capsid and noncapsid portions
of the coding region, using either pairwise sequence com-
parisons or phylogenetic analyses. The SV2-group viruses
were phylogenetically distinct from all other picornaviruses,
except PEV8, in the 5-NTR and 3D regions. The genetic
relationship of the simian viruses and PEV8 to the entero-
viruses and rhinoviruses may explain why they were orig-
inally classified in the Enterovirus genus on the basis of
some of their physical characteristics. That is, many of the
phenotypes controlled by the coding region, such as cyto-
pathic effect and acid stability, are enterovirus-like. How-
ever, the presence of a putative L protein, a novel 2A
protein, and a highly divergent 5-NTR with a type 2 IRES
clearly distinguish these simian picornaviruses from mem-
bers of the Enterovirus and Rhinovirus genera. We propose
that SV2, SV16, SV18, SV42, SV44, SV45, SV49, and
PEV8 should be removed from the Enterovirus genus and
reclassified as members of a new genus in Picornaviridae.
We further propose that SV2 (strain 2383) be designated as
the type strain of the new genus. The sequence information
and genus-specific RT-PCR primers described here should
provide a means to rapidly detect and identify these unique
viruses in infected animals, to determine whether they are
associated with any human disease, and to characterize
additional members of the genus as they are isolated.
Materials and methods
Viruses and extraction of viral RNA
The prototype strains of SV2, SV16, SV18, SV42, SV44,
SV45, and SV49 were obtained from the American Type
Culture Collection (Manassas, VA). Viral RNA was ex-
tracted from cell culture supernatant, using the QiaAmp
Viral RNA kit (Qiagen, Santa Clarita, CA), either directly
from the original material or following one passage in
LLC-MK2 cells (ATCC CCL 7), as previously described
(Oberste et al., 2002).
Complete genome sequencing
Overlapping fragments representing the entire SV2 ge-
nome were amplified by RT-PCR using degenerate, inosine-
containing primers designed to anneal to sites encoding
amino acid motifs that are highly conserved among mem-
bers of the Picornaviridae. SV2-specific primers were de-
signed from preliminary sequences to close gaps between
the original PCR products. The sequence at the 5 end of the
SV2 genome was determined by the “rapid amplification of
cDNA ends” technique (5 RACE), using commercially
available reagents (Invitrogen, Carlsbad, CA). The 5-NTR
sequences of SV16, SV18, SV42, SV44, SV45, and SV49
were amplified by RT-PCR and sequenced using primer
pairs 431–422, 409–385, and 387–386, which were de-
signed from the complete SV2 sequence (Table 3). A por-
tion of the sequence encoding the 3Dpol of SV16, SV18,
SV42, SV44, SV45, and SV49 was amplified and se-
quenced using primer pair 335–336 (Table 3). The PCR
products were gel-isolated and purified for sequencing by
using a QIAquick Gel Extraction kit (Qiagen). Both strands
were sequenced by automated methods, using fluorescent
dideoxy-chain terminators (Applied Biosystems, Foster
City, CA).
Virion and protein analysis
SV2 virions were purified by centrifugation through a
30% sucrose cushion for 90 min at 27,000 rpm in a Beck-
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man SW28 rotor, followed by isopycnic centrifugation in
CsCl (Rueckert and Pallansch, 1981). The virions were
disrupted in Laemmli sample buffer, and the virion proteins
were resolved by 12% SDS–polyacrylamide gel electro-
phoresis (Laemmli, 1970) and visualized by silver staining
(Bio-Rad, Hercules, CA). For sequence determination, a
duplicate gel was run, the proteins were electrophoretically
transferred to a PVDF membrane (Bio-Rad), and the trans-
ferred proteins were visualized by staining with amido
black. The individual protein bands were cut from the mem-
brane, and N-terminal amino acid sequences were deter-
mined by the Edman degradation technique on a Procise
492 protein sequencer (Applied Biosystems) according to
the manufacturer’s recommended procedure.
Sequence analysis
The complete SV2 nucleotide and deduced amino acid
sequences were compared to the complete sequences of
viruses representing each of the recognized picornavirus
genera [foot and mouth disease virus (FMDV) O1K (Aph-
thovirus, X00871), encephalomyocarditis virus (EMCV) B
(Cardiovirus, M22457), poliovirus 1 (PV1) Mahoney (En-
terovirus, J02281), hepatitis A virus (HAV) HM-175
(Hepatovirus, M14707), aichivirus A846/88 (AiV) (Kobu-
virus, AB010145), human parechovirus 1 (HPeV1) Harris
(Parechovirus, S45208), human rhinovirus 1B (HRV1B)
B632 (Rhinovirus, D00239), and porcine teschovirus 1
(PTV1) F65 (Teschovirus, AJ011380)] and to the sequence
of porcine enterovirus (PEV) 8 (AF406813), using the pro-
gram Gap (Wisconsin Sequence Analysis Package, version
10.2, Genetics Computer Group, Madison, WI). SV2 nucle-
otide sequences (5-NTR, P1, P2, P3, and partial 3D) were
aligned with the homologous sequences of other picornavi-
ruses, using the Pileup program (Wisconsin Sequence Anal-
ysis Package), using a gap weight of 8 and a length penalty
of 2, and the alignments were adjusted to conform to the
optimized deduced amino acid alignment. Phylogenetic re-
lationships were inferred by the maximum likelihood
method implemented in the program DNAML (PHYLIP
version 3.57 (Felsenstein, 1993)), using a transition:trans-
version ratio of 10. Support for specific tree topologies was
estimated by bootstrap analysis with 100 pseudo-replicate
data sets. Branch lengths in consensus maximum likelihood
trees were calculated by the maximum likelihood quartet-
puzzling method, using the nucleotide substitution model of
Tamura and Nei (Tamura and Nei, 1993), as implemented in
Tree-Puzzle 5.0 (Strimmer and von Haeseler, 1996). Sec-
ondary structures in the 5- and 3-NTRs were predicted
using the program mfold (Zuker, 1989), as implemented in
the Wisconsin Sequence Analysis Package. The GenPept
sequence database (version 125.0) was queried using
BLAST (Altschul et al., 1997), as implemented in the Wis-
consin Sequence Analysis Package.
Diagnostic RT-PCR assay
Genus-specific diagnostic RT-PCR primers were de-
signed to anneal to sites in the 5-NTR alignment that were
highly conserved among all members of the group. Sense
primers 468 (GTATTGCGCATGCTCWTGGCATTAC,
SV2 nt 569 to 590) and 470 (ACRTCCTAGGTCTACGCT-
GTGC, SV2 nt 371 to 392) were each paired with antisense
primer 469 (ACTGGTTATACCAYIYACIRRCGRC-
CAGC, SV2 nt 684 to 656) and tested using RNA template
extracted from each of the SV2-group viruses. RT-PCR was
performed as described previously (Kilpatrick et al., 2001)
and products were visualized by 12% polyacrylamide gel
electrophoresis and ethidium bromide staining.
Nucleotide sequence accession numbers.
The sequences reported here were deposited in the Gen-
Bank sequence database, Accession Nos. AY064708 to
AY064720.
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